Abstract. Podoplanin (PDPN) is an important positive regulator of platelet aggregation and functions as a lymphatic endothelial marker. PDPN has been observed to be expressed in human tumor tissues and various cancer cell lines. In the present study, PDPN expression in patients with primary osteosarcoma was assessed at the mRNA and protein levels, and the associations between PDPN expression and pulmonary metastasis (PM) and prognosis were examined. Reverse transcription-quantitative PCR (RT-qPCR) analysis was used to detect the expression levels of PDPN in primary osteosarcoma tissues and paired normal bone tissues (n=20 pairs). In addition, immunohistochemical analysis of PDPN expression was performed in 168 paraffin-embedded osteosarcoma tissue specimens and 23 matched normal tissues. The RT-qPCR results revealed higher mRNA expression levels of PDPN in patients with PM compared with patients without PM. Further survival analyses identified Enneking stage and PM as two independent prognostic indicators. Finally, univariate analysis revealed that high PDPN protein expression was significantly associated with Enneking stage and PM in patients with osteosarcoma.
Introduction
Osteosarcoma is a primary bone tumor originating in mesenchymal tissues, with a high prevalence and high rates of malignancy. The results of a survey in 2016 indicated that each year, 20,000-30,000 patients with osteosarcoma succumb to the disease globally, with the highest incidence rates (70,000-80,000) among adolescents aged 15-19 years (1).
While standard methods of treatment, including chemotherapy, palliative radiotherapy and limb amputation or sparing can be effective, there is a high probability (80-90%) that pulmonary metastasis (PM) will develop (1, 2) . PM is common in osteosarcoma and is an important prognostic indicator for patients. The five-year survival rate of patients with PM was ~20% in 2014, despite extensive research that has been undertaken to identify effective treatments for these patients (3, 4) . The enhanced chest CT technique is a standard method used to evaluate PM in patients with osteosarcoma; however, the limited sensitivity of CT imaging can mean that PM is not detected during early stages (5) . Currently, accurate and reliable pre-operative PM identification is not possible for patients with osteosarcoma, and a more detailed understanding of PM would be conducive to assessing patient prognosis, as well as to formulate effective treatment plans. Therefore, identification of PM in patients with osteosarcoma relies on future development of objective markers.
Encoded by the human PDPN gene, podoplanin is recognized as a type I transmembrane lymphoid glycoprotein (6) . As a lymphatic endothelium marker, podoplanin is regulated by the lymphoid-specific homologous transformant gene, prospero homeobox 1. Podoplanin contains a platelet aggregation (PLAG)-inducing domain, which can activate the PLAG enzyme (6, 7) . Since PDPN induces platelet aggregation (8) , it serves a crucial function in cell migration, as well as tumor cell dissemination (9, 10) . Increased PDPN expression has been observed in a variety of human cancer cells (11, 12) , and multiple studies have reported high PDPN expression in human osteosarcoma tissues (13) and various human osteosarcoma cell lines, including U2OS, HOS and MG63 (7) . However, to the best of our knowledge, the association between PDPN expression and PM in patients with osteosarcoma has not yet been investigated, which was the primary focus of the present study.
Materials and methods
Ethics statement. The current study was performed in strict accordance with the Declaration of Helsinki. The Institutional Ethics Committees of Harbin Medical University (Harbin, China) and the Harbin Medical University Cancer Hospital (Harbin, China) approved the present study and written informed consent was obtained from patients directly or their legal guardians. All methods conformed to the associated institutional regulations and guidelines.
Cell line preparation and cultivation. The human fetal osteoblastic cell line, hFOB 1.19, and human osteosarcoma cell lines, MG63, Saos2, HOS and U2OS, were purchased from the American Type Culture Collection, and were maintained in a 5% CO 2 atmosphere at 37˚C. The cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 0.6% kanamycin sulfate (Gibco; Thermo Fisher Scientific, Inc.) and 1% antibiotic-antimycotic (Gibco; Thermo Fisher Scientific, Inc.). The medium was refreshed two or three times per week. Harvested cells were used for reverse transcription-quantitative PCR (RT-qPCR) analysis.
Patients and tissue specimens. A total of 20 pairs of fresh-frozen primary osteosarcoma tissue (POT) and adjacent non-cancerous bone tissue (NCBT) samples were obtained from patients undergoing resection surgery at the Department of Orthopedic Surgery, Among the 20 patients, 11 were male and 9 were female, with an average age of 21.5 years. Samples were obtained from patients at The Affiliated Cancer Hospital of Harbin Medical University between January 1 2017 and June 31 2017. The samples were used for RT-qPCR analysis.
Immunohistochemical (IHC) analyses were performed using 168 verified, paraffin-embedded osteosarcoma tissues collected from patients admitted to the Department of Orthopedics Surgery, Harbin Medical University Cancer Hospital between January 2003 and December 2012. These consisted of 98 male and 70 female patients (age range, 7-71 years; mean, 25.1 years). A total of 35 patients received preoperative anticancer treatment, and 23 patients exhibited synchronous distant PM. Clinicopathological parameters, including age, sex, maximum tumor diameter, Enneking stage (14) , pre-operative serum alkaline phosphatase (ALP) levels and pre-operative PM status, were obtained from clinical and pathological records. Osteosarcoma was pathologically confirmed in all patients according to the World Health Organization bone tumor diagnosis and staging criteria (15) . All patients were followed up until 31 December 2017 and monitored over a period of 1-126 months. Patients with whom contact was lost or had died from causes other than osteosarcoma were excluded. All patients included in the present study were still alive or were confirmed to have succumbed to the cause or complications associated with this disease until the follow-up deadline. Prognosis of patients was represented by statistics of patients who survived until the date of follow-up. For statistics of patient survival time, the unit was months.
RNA extraction and RT-qPCR analysis. TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract total RNA from fresh osteosarcoma tissues and cell lines, according to the manufacturer's protocols. Total RNA was quantified by spectrophotometry analysis (Shimadzu Corporation). A universal cDNA synthesis kit (Toyobo Life Science) was employed to reverse transcribe RNA into cDNA, which was then analyzed by qPCR analysis using a SYBR Green PCR kit (Toyobo Life Science) and a Prism 7300 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling conditions were: Denaturation at 95˚C for 30 sec; followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec; and a final extension step of 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec and 60˚C for 15 sec. The following primers were used: PDPN, forward 5'-AGC GAA GAC CGC TAT AAG TCT G-3' and reverse 5'-CTT TCT GAA GTT GGC AGA TCC T-3'; GAPDH, forward 5'-GCA CCG TCA AGG CTG AGA AC-3' and reverse 5'-TGG TGA AGA CGC CAG TGG A-3'. GAPDH served as the reference gene. The relative expression of PDPN was calculated using the following formulae: i) ΔCq=Cq (target gene) -Cq (reference gene) ; and ii) ΔΔCq=ΔCq (experiment) -ΔCq (control) . Subsequently, the relative fold-change in gene expression was calculated as the 2 -ΔΔCq value (16) . Experiments were performed in triplicate.
IHC analysis. PDPN protein expression in paraffin-embedded osteosarcoma tissues (n=168) and normal bone tissue specimens (n=23) was determined by IHC analysis. Tissues were fixed prior to embedding in paraffin using 4% paraformaldehyde at room temperature for 6 h. Briefly, tissue sections (thickness, 4 µm) were dewaxed using two washed with xylene (5 min each at room temperature) and dehydrated in a graded series of alcohol (95, 90, 80 and 70%; 5 min each at room temperature). Slides were prepared by boiling in citrate buffer for 5 min (95-100˚C, pH 6.0) prior to being cooled for 20 min at room temperature). In order to reduce non-specific antigen binding and prevent infection, slides were incubated with 0.2% trypsin in a CO 2 incubator at 37˚C for 50 min. The slides were then incubated in 0.3% hydrogen peroxide for 3 min at room temperature to inhibit the activity of endogenous peroxidases. To reduce nonspecific binding, the slides were incubated in PBS supplemented with 10% goat serum (Dako; Agilent Technologies, Inc.) at room temperature for 30 min. The slides were subsequently incubated with monoclonal mouse antibodies against human PDPN (cat. no. D2-40; dilution, 1:100; Dako; Agilent Technologies, Inc.) overnight at 4˚C in the refrigerator. The following day, slides were incubated with a goat anti-mouse antibody (cat. no. ZB-2305; 1:500; Histofine Simple Stain MAX PO-M; Nichirei Biosciences, Inc.) at room temperature for 30 min. The slides were developed using 3,3'-diaminobenzidine solution. Slides were counterstained with hematoxylin and sealed with neutral gum. Negative controls were prepared by incubating with PBS instead of the primary antibody and were utilized to verify the immunostaining specificity. Light microscopy was used to observe the stained tissues x100 or x400 as indicated.
IHC assessment. The scoring system for PDPN expression was based on the percentage of positively stained tumor cells and the staining intensity. Initial scores for the percentage of positively stained cells were as follows: 0, 0; 1, 1-25; 2, 26-50; and 3, 51-100%. Staining intensity was scored as follows: 0, negative; 1, weakly positive; 2, moderately positive; and 3, strongly positive. The immunostaining score, or immunoreactive score, was calculated as the product of the aforementioned two scores and was determined for all samples. IHC scoring was conducted in duplicate by two individual pathologists with extensive experience, that were blinded to the clinicopathological details of the patients and the identity of the slides. The percentage of positively stained cells in each sample was determined using >5 randomly selected fields of view (magnification, x400). If different scoring results were reported by each pathologist, a third pathologist was consulted to reach a consensus regarding the final result. Scores ranged between 0 and 9, where 0-3 was considered to indicate low protein expression levels of PDPN, while scores of 4-9 represented high expression levels.
Statistical analysis. The SPSS statistical software package (version, 19.0; IBM Corp.) was used for statistical analysis of the data. The data were compared by one-way ANOVA followed by Dunnett's multiple comparisons post hoc test. All data are expressed as the means ± standard deviation. A paired t-test was used to compare differences in expression levels in tumor and adjacent tissues. A χ 2 test was utilized to investigate the association between clinicopathological features and PDPN expression. The Kaplan-Meier method was used to plot survival curves. Further analysis of the survival plots was achieved using the log-rank test. Univariate analysis was used to analyze differences between prognostic groups, and factors deemed significant by the univariate analysis were further analyzed by multivariate analysis. P<0.05 was considered to indicate a statistically significant difference. Increased mRNA expression levels of PDPN in patients with osteosarcoma and PM. In order to verify the results, PDPN mRNA levels in the 20 pairs of osteosarcoma and matched adjacent normal tissue samples were analyzed, noting that 8 of these patients presented PM. RT-qPCR analysis demonstrated higher PDPN expression in the osteosarcoma tissues in 6 out of the 8 cases with PM ( Fig. 2A) , and statistical significance was reached when the high and low expressors in the PM + group were compared (t=2.546, P=0.014). Out of the remaining 12 patients with osteosarcoma and without PM, high levels of PDPN expression were observed in four patients (Fig. 2B) ; however, no significant difference between the high and low expressors in the PM -group was observed (t= 0.495, P= 0.749). The difference between the PM + and PM -groups regarding PDPN mRNA expression of tissue samples was calculated. The results revealed that the PDPN mRNA expression in the PM + group was significantly higher compared with the PM -group. The mRNA expression levels of PDPN in the eight patients with PM + osteosarcoma and in the 12 patients with PM -osteosarcoma were significantly different (P<0.001; Fig. 3 ).
Results

PDPN mRNA expression levels are increased in human osteosarcoma tissues and cell lines. RT-qPCR analysis was
Association between PDPN expression and clinical parameters in patients with primary osteosarcoma. IHC analysis was used to determine PDPN expression in samples collected from 168 patients with osteosarcoma (Fig. 4) . Significantly higher levels of PDPN expression were recorded in POTs (n=74/168; 44.0%) compared with the NCBTs (n=2/23; 8.7%; P=0.009). Specific analysis of the association between PDPN expression in POTs and the clinical features of patients (Table I) (Table II) . In the prognostic analysis, there was no statistical difference identified between the high PDPN expression group and the low PDPN expression group (P= 0.683; Fig. 5 ). Notably, significantly shorter overall survival rates for patients with Enneking stage III were observed compared with those with Enneking stage II (P=0.013; Fig. 6A ), as well as for patients with PM compared with those without (P<0.001; Fig. 6B ), as determined using Kaplan-Meier analysis and the log-rank test.
Discussion
PM is the most reliable prognostic indicator for patients with resectable osteosarcoma, followed by Enneking stage, surgical complications, jumping lesions and local recurrence (17) (18) (19) . Therefore, accurate assessment of PM is important for predicting patient prognosis and developing effective surgical treatment plans. A previous study demonstrated that positron emission tomography-computed tomography (CT) is a valuable tool for the detection of PM in patients with osteosarcoma when PM is suspected (20) . However, tumors <0.2 cm in size in the lung are beyond the limit of detection, therefore CT imaging has limited sensitivity for the early detection of PM (5) . High accuracy, preoperative assessment of PM is a vital part of osteosarcoma treatment. To the best of our knowledge, There are no studies that have investigated the association between PDPN expression and PM in patients with osteosarcoma.
In the present study, the mRNA expression levels of PDPN in human osteosarcoma tissues and four cell lines and its association with osteosarcoma prognosis were investigated. Consistent with a previous report (7), increased PDPN expression was observed in human osteosarcoma tissues and the same four cell lines. Comparison of PDPN expression in 20 pairs of fresh POT and matched NCBT samples demonstrated significantly higher levels of PDPN mRNA in POT samples compared with NCBTs. In addition, the present study demonstrated that PDPN expression was significantly higher in patients with osteosarcoma with PM compared with in patients without PM. Furthermore, high PDPN expression was significantly associated with Enneking stage and PM. The major difference between Enneking stages III and II is metastasis to a distant organ. In osteosarcoma, the most common metastatic site is the lung. The results of the present study demonstrated that high PDPN expression is associated with PM, which suggested that increased PDPN expression may function as a marker of disease progression, whereby the tumor cells pass through the interventricular barrier, enter the blood stream and metastasize to the lungs.
High PDPN expression has been previously reported in several types of cancer and is used as an effective biomarker of tumor malignancy and prognosis (21) (22) (23) . A previous study confirmed that anti-PDPN monoclonal antibodies serve an inhibitory role in PDPN-expressing tumors in terms of their growth and hematogenous metastasis (24) . A definite association between high PDPN expression and PDPN-mediated lung metastasis in osteosarcoma has not been established in previous studies. Thus far, several hypotheses have been proposed to explain the effect of PDPN on promoting tumor metastasis, including accelerating epithelial-mesenchymal transition (EMT) (25) , inducing collective cell migration (26) , inducing platelet activation and aggregation (27) (28) (29) , and enhancing lymphangiogenesis (30) . Regarding the mechanism of PDPN in mediating PM in patients with osteosarcoma, the following hypothesis is speculated based on previous studies (25, (27) (28) (29) : i) The assumption that PDPN and EMT processes are associated; ii) PDPN may serve as an endogenous ligand for C-type lectin-like receptor-2 during tumor metastasis; and iii) PDPN may promote platelet-specific acceleration of PM to some extent. Overall, further research to understand the mechanisms underlying PDPN-mediated PM is required in order to develop more effective treatment strategies for patients with osteosarcoma. Table I . Association between PDPN protein expression and the clinicopathological characteristics of patients with osteosarcoma. Kunita et al (7) reported that the expression of PDPN in MG63, HOS and U2OS osteosarcoma cell lines was able to induce platelet aggregation. Treatment with PDPN small interfering RNA or specific neutralizing antibodies inhibited PDPN expression (7) . Enhanced migration of Dunn osteosarcoma cells was observed following overexpression of PDPN, while cell proliferation remained unaffected. The present study observed increased PDPN expression in patients with osteosarcoma and PM. Furthermore, the difference in PDPN mRNA expression levels of tissue samples between the PM + group and PM -group was calculated. The results demonstrated that the PDPN mRNA expression in the PM + group was significantly higher compared with the PM -group. The differences in PDPN mRNA expression levels between the eight patients with osteosarcoma with PM and the 12 patients without PM were statistically significant (P<0.001). Taking the results of all studies into consideration, it is possible that PDPN may serve an important role in mediating tumor metastasis in patients with osteosarcoma, and that high PDPN expression may be involved in the development of PM in these patients. This is supported by the observation that PDPN expression was identified as a predictor of PM in patients with osteosarcoma in the present study. Increased PDPN expression may therefore serve as an effective and novel predictor of PM in patients with osteosarcoma in the clinic. However, this requires confirmation in a larger cohort of patients. The association between ALP levels and the prognosis of patients with osteosarcoma has been investigated in numerous previous studies (31-33) ; however, no formal consensus has been reached. According to a recent meta-analysis (34), increased ALP levels are associated with reduced overall survival rates in patients with osteosarcoma, and ALP serves as a biomarker. These results are inconsistent with those of the present study, where no significant association between these factors was observed. In addition, no association between preoperative chemotherapy and patient prognosis was observed in a previous study (35) . It is possible that preoperative chemotherapy reduces the extent of tumor edema, which enables clear observation of the tumor boundary and the complete removal of the tumor. However, it may not significantly impact the survival of patients with osteosarcoma.
In the present study, a trend was observed for high PDPN expression to be involved in worse outcome, but this was not deemed to be significant using Kaplan Meier analysis. PDPN was significantly associated with PM, and PM was an independent prognostic factor. Therefore, future studies with larger cohorts are required to confirm whether PDPN alone can be an independent prognostic factor for osteosarcoma. A previous study demonstrated that PDPN immunoreactivity in tumor cells may be an effective indicator of poor prognosis for patients with non-small cell lung cancer (21) , which is consistent with the results of the present study. In addition, Enneking stage and PM were identified as independent prognostic markers in patients with osteosarcoma in the present study, which is consistent with previous studies (36, 37) . Furthermore, an association between high PDPN expression levels and PM was observed, and PDPN expression was also identified as a significant prognostic marker, according to univariate analyses. Nevertheless, it was not an independent prognostic factor in osteosarcoma according to multivariate analysis. Therefore, it is possible that PDPN may mediate PM in patients with osteosarcoma, which subsequently affects their prognosis. PDPN is not an independent prognostic factor; however, the present study demonstrated that PDPN overexpression is associated with lung metastasis, and one may hypothesize that PDPN-induced lung metastasis will indirectly affect the prognosis of patients. Future studies with larger experimental samples will be required to explore the potential of PDPN expression as a prognostic marker. In addition, the results of the present study indicated that PDPN expression was increased in patients with primary osteosarcoma with PM, and a significant association with the risk of PM development. Therefore, enhanced PDPN expression was proposed as a molecular biomarker for PM development and the subsequent prognosis of patients with osteosarcoma.
The present study had several limitations. First, surgical specimens rather than biopsy specimens were analyzed; therefore, it is possible that demineralization or preoperative chemotherapy may have affected the results of PDPN immunostaining. Only the sample tissue at a certain time (surgical removal) was selected in the present study. This represented a single time point, not a continuous observation. In the present study, only differences between the PM + and PM -groups were observed. If possible, the effect of time factors on PDPN expression should be examined. Second, tumor size was recorded in the preoperative medical records or recorded in the surgical records. This resulted in subjectivity. In further studies, parameters should be recorded more objectively. Third, heterogeneity at the protein and mRNA levels is an important feature of malignant tumors, and the sample size in the present study was likely too small to accurately determine the differential expression of PDPN among the various pathological types. Therefore, additional experiments in a larger sample cohort are required.
In conclusion, high PDPN expression levels were observed to be significantly associated with PM in patients with osteosarcoma in the present study. PDPN expression may be a useful immunological marker for PM in patients with osteosarcoma. However, further experiments are required to confirm these results.
